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HIGHLIGHTS 


•  The  H+/Li+  exchange  reaction  is  triggered  by  a  mild  acid  solution. 

•  In-situ  CV  method  is  adopted  to  explain  the  mechanism  of  acid  treatment. 

•  The  treated  electrode  shows  elevated  initial  cycle  efficiency  and  rate  performance. 

•  The  elevated  capability  is  attributed  to  the  enhanced  oxygen  reducibility. 
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Solid  solution  cathode  material  0.5Li2Mn03-0.5LiNii/3Coi/3Mni/302  has  been  synthesized  by  a  co¬ 
precipitation  method  and  a  mild  acid  was  adopted  to  give  rise  to  the  H+/Li+  exchange  reaction.  The 
inductively  coupled  plasma-atomic  emission  spectrometry  (ICP-AES)  and  atomic  absorption  spectros¬ 
copy  (AAS)  data  show  that  the  H+/Li+  exchange  reaction  actually  occurs  and  the  chemical  composition  is 
H0.06Li1.15Ni0.13Co0.14Mn0.55O2.03  after  the  material  was  treated.  The  X-ray  powder  diffraction  patterns 
indicates  that  the  structure  doesn’t  change  through  the  H+/Li+  exchange  reaction  and  remains  the 
hexagonal  a-NaFeC^  layered  structure  with  space  group  of  R-3m.  The  field-emission  scanning  electron 
microscope  (SEM)  and  transmission  electron  microscope  (TEM)  images  show  that  there  are  traces  of 
erosion  on  the  surface  of  the  H+/Li+  exchanged  sample.  The  initial  charge— discharge  curve  measured  at 
0.05C  (12.5  mA  g-1)  demonstrates  that  the  H+/Li+  exchanged  electrode  delivers  a  capacity  of  up  to 
314.0  mAh  g-1  and  coulombic  increased  initial  efficiency.  Cycle  voltammetry  (CV)  measurement  confirms 
this  is  attributed  to  the  improvement  of  the  reduction  catalytic  activity  of  oxygen  released  during  the 
initial  charging.  The  processed  electrode  also  displays  improved  rate  performance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  solution  oxides  xL^MnCUO  -  x)LiM02  (M  =  Mn,  Ni,  Co, 
etc.),  alternatively  as  a  layer  type  Lii+xMi_x02  (represented  by  LMO 
in  this  article),  are  of  great  potential  as  cathode  materials  for 
lithium  ion  batteries.  The  L^MnC^  and  LiMC^  components  are 
structurally  integrated  to  form  highly  complex  atomic  arrange¬ 
ments  in  which  Li2Mn03  and  Li2Mn03-like  domains  exist  with 
short-range  order  within  a  layered  LiM02  matrix  [1].  This  serial  of 
materials  delivers  an  anomalously  high  discharge  capacity  of 
more  than  270  mAh  g-1  at  a  low  rate  (0.05C)  between  2.0  V  and 
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4.8  V  [2-5],  which  made  them  appealing  in  recent  years.  However, 
the  solid  solution  materials  undergo  an  irreversible  loss  of  oxygen 
from  the  lattice  and  suffer  from  a  huge  irreversible  capacity  loss  of 
40-100  mAh  g-1  in  the  first  cycle  [6,7]. 

As  is  proved  that  the  initial  irreversible  capacity  of  these  ma¬ 
terials  is  much  related  to  the  4.5  V  plateau  during  the  initial 
charging.  Up  to  now,  oxygen  release  of  the  initial  charging  process 
when  the  electrode  is  charged  to  the  typically  4.5  V  plateau  has 
been  confirmed  [7—11].  However,  whether  the  released  oxygen  is 
reduced  in  the  following  charging  process  is  questioned.  In 
consideration  of  the  theoretical  capacity  of  oxygen  reaches 
837  mAh  g_1  assuming  that  only  one  electron  is  transmitted  for 
every  oxygen  molecule,  it  matters  even  if  the  small  amount  of  ox¬ 
ygen  molecule  is  reduced.  A  recent  research  by  Yabuuchi  et  al.  [10] 
proved  that  the  oxygen  molecules  indeed  participate  in  the 
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electrochemical  redox  reaction  making  the  practical  capacity 
higher  than  the  theoretical  capacity  and  that  the  redox  reaction  is 
partly  reversible.  Hence,  the  behavior  of  the  solid  solution  cathode 
material  can  be  considered  as  the  complex  processes  for  both  Li-ion 
cell  and  Li-air  cell.  And  how  to  improve  the  reducibility  of  the  ox¬ 
ygen  or  oxygen-containing  species  will  be  an  important  issue  for 
the  optimization  of  the  high-capacity  solid  solution  positive  elec¬ 
trode  materials. 

Generally,  acid  treatment  is  intended  to  improve  the  initial 
coulombic  efficiency.  There  are  two  main  processes  during  acid 
treatment:  the  first  step  is  H+/Li+  exchange  reaction  and  the 
following  step  is  the  deintercalation  of  Li20  or/and  H20  from  the 
structure,  and  that  the  deintercalated  lithium  mainly  comes  from 
the  Li2Mn03  component.  In  addition,  the  H+/Li+  exchange  reaction 
occurs  at  elevated  temperature  (55  °C)  based  on  the  study  on  pure 
phase  Li2Mn03  [10].  And  the  cells  show  anomalous  high  capacity 
and  good  cycling  stability  tested  in  50  °C  [12  .  Thus,  a  hypothesis  is 
proposed  that  the  H+/Li+  exchange  reaction  is  conductive  to  the 
oxygen  reducing  ability  and  accordingly,  contributes  to  the  anom¬ 
alous  capacity  and  cycling  stability. 

However,  the  condition  of  electrode  surface  deteriorates  rapidly 
during  circulation  when  the  samples  are  treated  with  high  con¬ 
centration  acid  [13].  What’s  more,  there  has  been  no  explanation 
for  the  mechanism  of  elevated  performance  with  acid  treatment.  In 
this  work,  chemical  delithiation  method  was  adopted  to  trigger  the 
H+/Li+  exchange  reaction.  An  acid  solution  with  low  concentration 
was  used  to  enhance  the  oxygen  reducing  ability  as  well  as  main¬ 
tain  the  inner  structure  at  the  same  time.  In-situ  CV  method  was 
introduced  to  explain  the  mechanism  of  acid  treatment.  The  effects 
of  physical  and  chemical  properties  of  mild  acid  treatment  are  re¬ 
ported  in  the  following. 

2.  Experimental 

The  solid  solution  cathode  material  0.5Li2MnO3-0.5LiNii/3Coi/ 
3Mni/302  was  synthesized  by  a  fast  co-precipitation  method  using 
sulfates  as  the  sources  [14]. 

The  lithium  extraction  from  Li2Mn03  component  consuming 
equivalent  H+  in  the  solution  via  the  mechanism  of  a  H+/Li+  ion 
exchange  reaction  when  [H+]i/[Li+]s  <0.15  according  to  Tang’s 
research  [13].  Therefore,  in  our  research  the  H+/Li+  exchanged 
samples  were  obtained  through  leaching  pristine  material  with 
0.01  mol  L-1  HN03  ([H+]i/[Li+]s  =  0.1)  with  continuous  stirring  for 


Table  1 

Relative  amounts  of  Li,  Ni,  Co,  Mn  in  the  pristine  material  and  in  an  acid-treated 
product  (ICP  data). 


Li 

Ni 

Co 

Mn 

H 

Theoretical  value 

1.20 

0.13 

0.13 

0.54 

— 

Pristine  samples 

1.22 

0.13 

0.14 

0.55 

- 

Treated  samples 

1.15 

0.13 

0.14 

0.55 

0.06 

2  h  at  room  temperature.  The  mild  acid  not  only  supplied  the  H+  for 
H+/Li+  exchange  reaction  but  also  minimized  the  damage  on  the 
surface  and  structure  of  the  cathode  material.  The  leached  material 
was  filtered,  washed,  and  oven-dried  at  100  °C  for  24  h  and  the 
filtrate  was  also  collected.  The  pH  of  the  solution  was  monitored 
during  the  above  process  by  an  acidometer  (PHS-3C,  Rex, 
Shanghai).  The  amount  of  the  leached  Li+  in  the  filtrate  was 
measured  with  atomic  absorption  spectroscopy  (AAS,  AA-6800, 
Shimadzu,  Japan).  Inductively  coupled  plasma-atomic  emission 
spectrometry  (ICP-AES,  OPTIMA  7000DV,  Perkin-Elmer  Co.,  Ltd., 
America)  analyses  were  conducted  on  the  parent  material  and  on 
the  processed  samples  to  monitor  the  variances  of  the  relative 
amounts  of  Li,  Mn,  Ni,  and  Co  in  the  samples. 

The  structures  and  morphologies  of  the  pristine  and  treated 
samples  were  analyzed  by  X-ray  powder  diffraction  (XRD,  Rigaku 
RINT2400  with  Cu  Ka  radiation,  A  =  1.54056  A),  field-emission 
scanning  electron  microscopy  (FESEM,  Zeiss  SuprATM  55  micro¬ 
scope)  and  transmission  electron  microscopy  (TEM,  JEOL  JEM- 
2100).  The  electrochemical  properties  were  studied  by  using 
CR2032  coin  cells  and  three-electrode  system.  The  work  electrodes 
were  fabricated  by  a  mixture  of  active  material,  acetylene  black  and 
polyvinylidene  fluoride  (PVDF)  in  the  weight  ratios  of  80:10:10.  The 
as-prepared  slurry  was  coated  on  Al  foil  for  coin  cells  and  on  the 
foam  nickel  (1  cm  x  1  cm)  for  three-electrode  system  respectively. 
The  prepared  electrodes  were  dried  at  120  °C  overnight  under 
vacuum  prior  to  use.  The  electrolyte  was  1  mol  L  1  LiPF6  in  EC/DMC 
(volume  ratio  1:1)  and  the  porous  polypropylene  film  was  placed 
between  cathode  and  anode.  The  initial  charge-discharge  test  was 
studied  at  0.05C  (12.5  mA  g-1)  and  the  cycling  performance  was 
carried  out  at  0.2C  (50.0  mA  g-1)  in  the  voltage  range  of  2.0-4.8  V. 
For  the  rate  tests,  lithium  cells  were  charged  to  4.8  V  at  0.1  C 
(25.0  mA  g-1)  and  were  discharged  to  2.0  V  at  different  rates 
successively. 

The  oxygen  reductive  capabilities  of  the  electrodes  before  and 
after  charge  were  measured  by  in-situ  cyclic  voltammetry  in  VMP2 
electrochemical  workstation  (Princeton  Applied  Research,  USA),  in 
which  the  reference  electrode  was  saturated  calomel  electrode  and 


20/degree 

Fig.  2.  XRD  patterns  of  the  pristine  sample  (LMO)  and  H+/Li+  exchanged  sample 
(HLMO). 
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Table  2 

Refined  unit  cell  parameters  of  the  parental  and  H+/Li+  exchanged  samples. 


Compound 

a 

c 

V 

c/a 

Li1.22Nio.13Coo.14Mno.55O2.04  (LMO) 
H0.06Li1.15Ni0.13Co0.14Mn0.55O2.03  (HLMO) 

2.85582 

2.85521 

14.25632 

14.24184 

100.69 

100.55 

4.992 

4.988 

the  counter  electrode  was  Li  sheet.  The  schematic  of  the  installment 
is  shown  in  Fig.  1.  All  tests  were  taken  at  room  temperature. 

3.  Results  and  discussion 

3.1.  Composition  determination 

Table  1  shows  the  relative  amounts  of  each  component 
measured  by  the  ICP-AES.  The  chemical  composition  of  untreated 
sample  was  Li1.22Ni0.13Co0.14Mn0.55O2.04  (represented  by  LMO  in 
this  article)  determined  by  ICP  data.  Moreover,  the  consistency  of 
Mn:Ni:Co  ratio  between  pristine  and  treated  samples  suggests  that 
minimal  dissolution  of  the  transition  metal  ions  had  occurred 
during  the  acid-leaching  process.  However,  the  lithium  content  was 
significantly  reduced  by  acid  treatment  as  expected.  This  proved 
that  Li+  had  deintercalated  from  the  structure,  which  was  sup¬ 
ported  by  the  atomic  absorption  spectroscopy  (AAS)  measurement 
for  the  collected  filtrate.  The  amount  of  Li+  in  the  filtrate  measured 
by  AAS  was  highly  consistent  with  the  lithium  loss  after  leaching 
indicated  by  ICP  data.  The  variation  of  the  pH  of  the  acid  solution 
was  measured  by  the  acidometer.  Before  leaching  the  pH  value  was 
1.98  and  the  value  reached  6.55  after  two  hour’s  leaching.  The 
change  of  pH  value  indicated  the  H+  ions  embedded  into  the 
structure  of  the  material  from  the  acid  solution.  In  addition,  the  H+ 
loss  calculated  through  the  change  of  pH  value  in  the  acid  solution 
was  close  with  the  amount  of  the  lithium  in  the  filtrate. 

It  suggests  that  the  H+  in  the  solution  replaced  equimolar  Li+  in 
the  material  by  the  mechanism  of  H+/Li+  exchange  reaction  and  the 


exact  chemical  composition  of  the  leaching  products  can  be 
determined  to  be  H0.06Li1.15Ni0.13Co0.14Mn0.55O2.03  (represented  by 
HLMO  in  this  article)  through  both  the  AAS  measurement  and  ICP- 
AES  measurement. 

3.2.  Structure  and  morphology 

The  powder  XRD  patterns  of  the  parent  compound  and  the 
acid-treated  product  are  shown  in  Fig.  2.  The  main  peaks  of  the 
patterns  can  be  indexed  to  the  space  group  of  R3-m  layered 
symmetry  based  on  the  hexagonal  a-NaFe02  structure.  The 
reflection  at  -21°,  which  is  the  characteristic  of  the  integrated 
monoclinic  Li2Mn03-like  component  (C2/m)  due  to  the  Li  cation 
ordering  in  the  metal  layer.  The  peak  intensity  at  21°  for  the  acid 
treated  products  reduces  slightly  which  is  consistent  with  lithium 
extraction  from  the  transition  metal  layers  of  the  L^MnOs 
component.  The  lattice  parameter  refinements  listed  in  Table  2 
are  based  on  the  pseudo  rhombohedral  symmetry,  R3-m.  It  is 
evident  that  the  values  of  c  and  V  decrease  after  acid  leaching 
which  can  be  induced  by  the  slight  contraction  of  the  oxygen 
planes  during  the  H+/Li+  exchange  reaction.  The  H+/Li+  exchange 
reaction  maintains  the  structure  and  a  single  phase  yields  during 
treatment. 

The  SEM  and  TEM  images  in  Fig.  3  show  that  the  particle  size  of 
synthesized  products  is  in  range  of  100-200  nm  and  the  acid 
leaching  process  did  not  modify  the  particle  size.  The  surface  of  H+/ 
Li+  exchanged  sample  is  smoother  than  the  pristine  one.  Fig.  3(c) 
displays  a  disconnected  amorphous  layer  on  the  surface  of  particle 
while  there  is  no  amorphous  layer  formed  in  Fig.  3(d).  In  addition,  a 
thin  amorphous  layer  was  also  found  on  the  Li-excess  oxide  particle 
surface  by  Hong  et  al.  [15].  The  amorphous  layer  may  have  con¬ 
tained  L^O  and  LiC03,  which  is  available  for  Li-ion  diffusion  but 
unfavorable  for  electron  conduction.  It  indicates  that  the  H+/Li+ 
exchange  reaction  mainly  occur  at  the  surface  of  particle  and  is 
beneficial  to  the  electron  conduction. 


(c) 


Fig.  3.  SEM  images  of  pristine  (a)  and  H+/Li+  exchanged  (b)  samples.  TEM  images  of  pristine  (c)  and  H+/Li+  exchanged  (d)  samples. 
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3.3.  Electrochemical  analysis 

The  theoretical  capacity  is  calculated  to  be  314  mAh  g_1  based 
on  one  electron  redox  per  formula  unit  of  Li1.2Nio.13Coo.13Mno.54O2. 
As  we  know  that  the  apparent  capacity  is  limited  by  the  transferred 
electrons  of  transition  metals  in  the  oxidation/reduction  process. 
The  rechargeable  capacity  is  calculated  to  be  290  mAh  g1  based  on 
the  solid-state  redox  of  each  transition  metal  (Co3+^4+,  Ni 2+/3+/4+, 
Mn3+/4+),  corresponding  to  0.92  mol  lithium  reversible  dein¬ 
tercalation/intercalation.  Fig.  4(a)  gives  the  initial  charge- 
discharge  curves  of  samples  before  and  after  delithiation  at  a  low 
current  density  of  12.5  mA  g-1.  For  the  charge  process,  both  elec¬ 
trodes  deliver  the  capacity  exceeding  340  mAh  g_1  and  approach¬ 
ing  to  1.1  mol  lithium  deintercalation.  The  discharge  capacity  of 
untreated  material  electrode  is  301.4  mAh  g_1  (0.96  mol  lithium 
intercalation)  while  the  H+  contained  electrode  shows 
314.0  mAh  g-1  capacity  (1.0  mol  lithium  intercalation).  These  ca¬ 
pacity  data  indicate  that  the  H+/Li+  exchange  reaction  occurred  in 
the  acid  treatment  process  improve  the  initial  coulombic  efficiency 
from  82.4%  to  89.7%.  Moreover,  both  electrodes,  especially  to  H+ 
contained  electrode,  deliver  practical  capacity  exceeding  the 
theoretical  capacity  290  mAh  g-1.  This  means  that  there  must  be 
some  other  charge-discharge  mechanisms  besides  the  traditional 
electronic  transferred  behaviors  to  balance  the  lithium  intercala¬ 
tion/deintercalation  at  least  for  the  initial  cycle.  At  present,  it  is 


Capacity/mAh  g' 


Fig.  4.  (a)  Initial  charge  and  discharge  profiles  of  lithium  half  cells  with  Li1.22Nio.13- 
Coo.14Mno.55O2.04  (LMO)  and  H0.06Li1.15Ni0.13Co0.14Mn0.55O2.03  (HLMO)  electrodes,  (b) 
The  differential  capacity  (dQ/dV)  plots  corresponding  to  initial  charge  and  discharge 
profiles. 


confirmed  that  the  balance  behavior  for  initial  charge  process  is 
attributed  to  the  lattice  oxygen  turning  into  the  free  oxygen  mol¬ 
ecules.  Flowever,  the  balance  behavior  for  discharge  processes  (at 
least  for  the  first  cycle)  is  also  in  dispute.  It  is  most  likely  that  the 
oxygen  molecules  participate  in  the  reduction  process  because  the 
oxygen  can  be  reduced  on  the  electrode  surface  in  the  presence  of 
catalyst  behaving  the  same  as  the  Li-02  cells  considering  that  the 
manganese  oxides  also  can  be  used  as  the  catalyst  for  Li-02  cells 
[16].  The  specific  behavior  of  oxygen  during  initial  discharge  pro¬ 
cess  and  how  the  FI+/Li+  exchange  reaction  affects  on  it  are  dis¬ 
cussed  in  detail  in  following  parts. 

The  dQJdV  plots  for  first  cycle  are  shown  in  Fig.  4(b)  and  there 
are  two  evident  oxidation  peaks  at  4.0  V  and  4.5  V  respectively  for 
both  untreated  electrode  and  treated  electrode.  The  peak  at  4.0  V  is 
attributed  to  the  process  of  lithium  deintercalation  from  the 
Li(Mni/3Coi/3Nii/3)02  component  accompanying  with  the  oxida¬ 
tion  of  transition  metals  and  another  peak  at  4.5  V  is  corresponding 
to  the  process  of  further  lithium  deintercalation  and  oxygen  release 
from  the  Li2Mn03  component.  Moreover,  three  reduction  peaks  are 
evident  on  discharge,  but  it  is  difficult  to  differentiate  the  reduction 
processes  of  the  individual  Mn,  Ni,  and  Co  ions,  it  is  believed  from 
theoretical  analysis  that  the  different  peaks  may  be  associated  with 
the  occupation  of  different  sites  of  lithium.  The  peak  at  2.64  V  for 
the  H+-free  electrode  and  the  peak  at  2.73  V  for  the  H+-contained 
electrode  and  the  ~0.1  V  shift  between  these  two  peaks  are 
different  from  the  common  ternary  materials  such  as  LiNii/3Coi/ 
3Mni/302  [17].  Naoaki  Yabuuchi  et  al.  [10]  consider  the  peaks  are 
much  related  to  the  reduction  of  oxygen  or  it’s  species  on  the 
electrode  surface.  Another  basis  for  supporting  the  oxygen 


Fig.  5.  In-situ  cyclic  voltammetry  vs.  standard  SCE  for  samples  LMO  and  HLMO  at  a 
scan  rate  of  50  mV  s_1.  (a)  Before  charging  and  (b)  after  initial  charging  to  4.8  V. 
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Fig.  6.  Comparison  of  cycle  abilities  of  LMO  and  HLMO  with  a  current  density  of 
50  mA  g-1. 


reduction  theory  is  that  the  peaks  also  can  be  seen  in  Li-air  system 
(-2.7  V  vs.  Li+/Li°)  where  Li2Mn03  was  used  as  oxygen  reduction 
catalyst  [18].  Thus,  the  solid  solution  cathode  not  only  acts  as  a  host 
for  lithium  but  also  acts  as  a  reduction  catalyst  for  oxygen  mole¬ 
cules  released  during  initial  charging.  At  the  same  time,  the  H+/Li+ 
exchanged  reaction  strengthens  the  oxygen  reduction  ability  and 
makes  the  reduction  potential  of  the  oxygen  higher  than  the  H+- 
free  electrode. 

For  further  research,  in-situ  CV  test  was  carried  out  in  the 
electrolyte  consisting  of  1  M  LiPF6  in  a  mixture  of  EC:  DMC  (1:1) 
with  the  scan  rate  of  50  mV  s-1.  For  the  H+/Li+  exchanged  electrode, 
the  cyclic  voltammetry  tests  were  firstly  carried  out  in  Ar  and  O2 
atmosphere  successively.  And  after  charging  to  4.8  V  in  Ar  atmo¬ 
sphere,  the  electrode  was  tested  in  Ar  and  O2  successively  as  well  as 
the  electrode  before  charging.  And  the  pristine  electrode  was  tested 
in  O2  atmosphere  before  and  after  charging  successively.  The  plots 
are  shown  in  Fig.  5. 

Fig.  5  suggests  that  there  are  no  evident  peaks  before  charging 
for  FILMO  electrode  tested  in  Ar  atmosphere  in  whole  voltage 
range  as  well  as  the  electrode  after  charging.  Flowever,  when 
tested  in  02  the  reduction  peaks  observed  at  -2.5  V  which  are 
very  close  to  the  peaks  in  dQJdV  plots  (Fig.  4(b))  are  evident  for 
both  LMO  electrode  and  HLMO  electrode  before  and  after  charging. 
Based  on  the  facts  above,  it  can  be  concluded  that  the  -2.5  V 
peaks  shown  in  Figs.  4(b)  and  5  are  the  characteristics  of  oxygen 
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Fig.  7.  Rate  capabilities  for  (a)  HLMO  electrode  and  (b)  LMO  electrodes  measured 
galvanostatically  at  various  discharge  rates. 


reduction,  as  a  result,  the  practical  capacity  exceeds  the  theoretical 
capacity.  On  one  hand,  the  electrodes  tested  in  02  after  charging 
shown  in  Fig.  5(b)  have  higher  oxygen  reduction  currents  than  the 
electrodes  before  charging.  The  phenomenon  may  be  ascribed  to 
the  formation  of  oxygen  vacancies  after  initial  charging.  On  the 
other  hand,  the  H+-contained  electrode  have  higher  02  reduction 
currents  than  the  pristine  one,  especially  to  the  electrode  after 
charging  which  indicate  the  HLMO  sample  has  better  catalytic 
ability  for  O2. 

The  2.5  V  peaks  in  CV  plots  and  -2.7  V  peaks  in  dQJdV  plot  are 
identified  as  the  characteristics  of  oxygen  reduction  which  is  the 
reason  of  practical  capacity  exceeding  the  theoretical  capacity  for 
the  first  cycle.  And  the  H+/Li+  exchanged  reaction  improves  the 
catalytic  ability  of  oxygen  which  explains  why  the  H+-contained 
electrode  delivers  higher  capacity  than  the  H+-free  electrode. 

As  is  shown  in  Fig.  6,  the  HLMO  electrode  shows  slightly  better 
cycling  ability  than  the  LMO  electrode.  It  is  because  that  we  used  an 
acid  solution  with  lower  concentration  to  realize  the  H+/Li+ 
exchanged  reaction,  as  a  result,  the  destruction  to  inner  structure  of 
the  material  was  controlled  to  a  lower  level  and  the  oxygen 
reduction  was  ensured  at  the  same  time. 

Rate  capacities  of  LMO  and  HLMO  electrodes  are  shown  in 
Fig.  7.  The  HLMO  electrode  delivers  higher  capacity  than  the  LMO 
electrode  at  various  rates,  particularly,  the  capacity  of  the  HLMO 
electrode  reaches  to  166.8  mAh  g_1  at  2C  while  only 
138.8  mAh  g-1  is  obtained  by  LMO  electrode.  The  improvement  of 
the  rate  performance  mainly  benefits  from  the  reduced  irre¬ 
versible  capacity  of  first  cycle  caused  by  enhanced  oxygen 
reducibility.  The  formation  of  expedite  lithium  channels  origi¬ 
nated  from  the  H+/Li+  exchanged  reaction  promotes  the  rate 
capability  at  the  same  time. 

4.  Conclusions 

Solid  solution  cathode  material  0.5Li2MnO30.5LiNi0.33 
Coo.13Mno.54O2  (represented  by  LMO  as  a  layer  type)  was  synthe¬ 
sized  by  a  co-precipitation  method  and  a  mild  acid  solution  was 
utilized  to  make  the  H+/Li+  exchange  happen.  The  ICP-AES  and  AAS 
data  show  that  the  H+/Li+  exchange  reaction  indeed  happened  and 
the  chemical  composition  of  the  products  was  determined  to  be 
H0.06Li1.15Ni0.13Co0.14Mn0.55O2.03  (represented  by  HLMO).  The  XRD 
patterns  showed  that  the  inner  structure  was  not  changed  through 
the  H+/Li+  exchange  reaction  and  remained  the  space  group  of  R3- 
m  layered  symmetry  based  on  the  hexagonal  a-NaFe02  structure. 
SEM  images  indicated  that  traces  of  erosion  exist  at  the  surface  of 
the  H+/Li+  exchanged  sample.  The  initial  charge-discharge 
measured  at  0.05C  showed  that  the  H+/Li+  exchanged  electrode 
delivered  capacity  of  314.0  mAh  g-1.  The  treated  electrode  displays 
elevated  rate  performance  and  the  treatment  improves  the  initial 
cycle  efficiency  from  82.4%  to  89.7%.  In-situ  CV  measurement  pro¬ 
claimed  this  was  attributed  to  the  improvement  of  the  reductive 
catalytic  activity  of  oxygen  released  during  initial  charge  process. 
Thus,  some  techniques  aimed  to  enhance  the  reductive  catalytic 
activity  of  oxygen  of  Li-02  cells  and  fuel  cells  can  be  further 
employed  in  the  Lithium-ion  cells  with  solid  solution  cathode 
materials. 
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